
 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY) 
2009 

2. REPORT TYPE 
Open Literature 

3. DATES COVERED (From - To) 
  

4. TITLE AND SUBTITLE 
Gene Expression Profiling of Rat Hippocampus Following Exposure to the  
 

5a. CONTRACT NUMBER 
 

Acetylcholinesterase Inhibitor Soman 5b. GRANT NUMBER 
 

 
 

5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 
Dillman, JF III, Phillips, CS, Kniffin, DM, Tompkins, CP, Hamilton, TA, Kan, RK 
 

5d. PROJECT NUMBER 
 

 
 

5e. TASK NUMBER 
 

 
 

5f. WORK UNIT NUMBER 
 
 7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

 
AND ADDRESS(ES) 

8. PERFORMING ORGANIZATION REPORT   
    NUMBER 

US Army Medical Research Institute of 
Chemical Defense 
ATTN: MCMR-CDR-C 
3100 Ricketts Point Road 
 
 

Aberdeen Proving Ground, MD 
21010-5400 
 
 
 
 

 
USAMRICD-P08-031 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 
US Army Medical Research Institute of 
Chemical Defense 

Aberdeen Proving Ground, MD  
Chemical Defense 21010-5400 

 
 

ATTN: MCMR-CDZ-I  11. SPONSOR/MONITOR’S REPORT  

3100 Ricketts Point Road 
 

       NUMBER(S) 
   
12. DISTRIBUTION / AVAILABILITY STATEMENT 
 
 
Approved for public release; distribution unlimited 
 

13. SUPPLEMENTARY NOTES 
Published in Chemical Research in Toxicology, 22(4), 633–638, 2009. 
 
14. ABSTRACT 
See reprint. 

15. SUBJECT TERMS 
Acetylcholinesterase, nerve agents, soman, neurodegeneration, gene expression profiling, microarray data, rat hippocampus 

16. SECURITY CLASSIFICATION OF: 
 

17. LIMITATION  
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE PERSON 
James F. Dillman, III 

a. REPORT 
UNCLASSIFIED 

b. ABSTRACT 
UNCLASSIFIED 

c. THIS PAGE 
UNCLASSIFIED 

UNLIMITED 7 
 

19b. TELEPHONE NUMBER (include area 
code) 
410-436-1723 
  Standard Form 298 (Rev. 8-98) 

Prescribed by ANSI Std. Z39.18 



Chern. Res. Toxicol. 2009, 22, 633-638 

Gene Expression Profiling of Rat Hippocampus Following Exposure 
to the Acetylcholinesterase Inhibitor Soman 

James F. Dillman III,*,t Christopher S. Phillips,t Denise M. Kniffin,:j: 
Christina P. Tompkins,:j: Tracey A. Hamilton,:j: and Robert K. Kan:j: 

Cell and Molecular Biology Branch, and Comparative Pathology Branch, US Army Medical Research 
Institute of Chemical Defense, Aberdeen Proving Ground, Maryland 21010-5400 

Received December 9, 2008 

Soman (O-pinacolyl methylphosphonofluoridate) is a potent neurotoxic ant. Acute exposure to soman 
causes acetylcholinesterase inhibition, resulting in excessive levels of acetylcholine. Excessive acetylcholine 
levels cause convulsions, seizures, and respiratory distress. The initial cholinergic crisis can be overcome 
by rapid anticholinergic therapeutic intervention, resulting in increased survival. However, conventional 
treatments do not protect the brain from seizure-related damage, and thus, neurodegeneration of soman
sensitive brain areas is a potential postexposure outcoVle. We performed gene expression profiling of the 
rat hippocampus following soman exposure to gain greater insight into the molecular pathogenesis of 
soman-induced neurodegeneration. Male Sprague-Dawley rats were pretreated with the oxime HI-6 (1-
«( 4-aminocarbonyl)pyridinio )methoxyl)methyl)-2-«hydroxyimino )methyl)-pyridinium dichloride; 125 mg! 
kg, ip) 30 min prior to challenge with soman (180 ,ug/kg, sc). One minute after soman challenge, animals 
were treated with atropine methyl nitrate (2.0 mg/kg, im). Hippocampi were harvested 1, 3, 6, 12, 24, 
48, 72, 96, and 168 h after soman exposure and RNA extracted to generate micro array probes for gene 
expression profiling. Principal component analysis of the micro array data revealed a progressive alteration 
in gene expression profiles beginning 1 h postexposure and continuing through 24 h postexposure. At 
48 h to 168 h postexposure, the gene expression profiles clustered nearer to controls but did not completely 
return to control profiles. On the basis of the principal component analysis, analysis of variance was 
used to identify the genes most significantly changed as a result of soman at each postexposure time 
point. To gain insight into the biological relevance of these gene expression changes, genes were rank 
ordered by p-value and categorized using gene ontology-based algorithms into biological functions, 
canonical pathways, and gene networks significantly affected by soman. Numerous signaling and 
inflammatory pathways were identified as perturbed by soman. These data provide important insights 
into the molecular pathways involved in soman-induced neuropathology and a basis for generating 
hypotheses about the mechanism of soman-induced neurodegeneration. 
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Introduction 

Soman is a potent organophosphonate cholinesterase 
inhibitor. Exposure to soman decreases neural acetylcho
linesterase activity, resulting in increased levels of acetyl
choline leading to a cholinergic crisis; This cholinergic crisis 
induces convulsions and seizures and can lead to death if 
left untreated (1, 2). The standard therapeutic regimen for 
soman exposure is the administration of (1) the muscarinic 
antagonist atropine sulfate to block the effects of excess 
acetylcholine, (2) an oxime to reactivate inhibited acetyl
cholinesterase, and (3) an anticonvulsant such as diazepam 
to inhibit convulsions and seizure activity (1, 3). Although 
this therapeutic regimen significantly increases survivability, 
the development of postexposure neurodegeneration is an 
important concern. It has been demonstrated that the devel
opment of soman-induced neurodegeneration is tightly linked 
to the onset of seizures (3-8). Thus, rapid administration of 
anticonvulsants is critical to avert soman-induced neuropa
thology. Soman-exposed rats that experienced up to 10 min 
of seizure activity prior to drug-induced seizure termination 
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Fax: 410-436-8377. E-mail: james.dillman@us.arrny.miL 

t Cell and Molecular Biology Branch. 
* Comparative Pathology Branch. 

were free of neuropathology at 24 h postexposure (4). 
However, there was increasing frequency in the incidence 
of neuropathology in animals that experienced 20 or 40 min 
of seizure activity prior to drug-induced seizure termination 
(4). In guinea pigs, less than 70 min of seizure activity 
resulted in neuropathology 24 h after soman exposure (5). 
Except in circumstances in which an individual would have 
immediate access to therapeutic compounds, such as well
equipped military personnel deployed in a suspected chemical 
warfare scenario, the rapid administration of therapeutics 
cannot be assumed. This would likely be the case in a civilian 
exposure scenario, in which rapid access to therapeutics is 
problematic. Therefore, understanding the molecular patho
genesis df soman-induced seizures is important in developing 
potential neuroprotectants for soman-induced brain damage 
in cases where the standard treatment regimen is not rapidly 
administered. Oligonucleotide microarrays provide a means 
to globally survey molecular responses to a toxicant of 
interest (e.g., soman) across a variety of exposure parameters 
(for review see ref 9). We performed gene expression 
profiling of the hippocampus, a soman-sensitive area of the 
brain involved in learning, memory, and spatial reasoning 
(8), following soman exposure to gain insight into the 
molecular basis for soman-induced neurodegeneration. 

1O.10211tx800466v CCC: $40.75 This article not subject to U.S. Copyright. Published 2009 by American Chemical Society. 
Published on Web 0311312009 
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Experimental Procedures 

In Vivo Exposure to soman. Male Sprague-Dawley rats 
(250-350 g, Charles River Laboratories, Wilmington, MA) were 
utilized in these studies. Animals were housed individually in 
polycarbonate shoebox cages with corncob bedding and maintained 
in controlled temperature and humidity on a standard 12 h lightl12 
h dark cycle with free access to food and water. All animal . 
experiments were approved by the Animal Care and Use Committee 
at the United States Army Medical Research Institute of Chemical . 
Defense, and all procedures were conducted in accordance with 
the requirements or standards stated in the Guide for the Care and 
Use of Laboratory Animals (National Research Council, Publication 
No. 85-23, 1996), and the Animal Welfare Act of 1966 (P.L. 89-
544), as amended. The facility where this research was conducted 
is fully accredited by the Association for Assessment and Ac
creditation of Laboratory Animal Care, International. 

The soman exposure paradigm utilized in this study was based 
on the model developed by Shih et al. (10) and McDonough et a1. 
(11). This model was developed to screen neuroprotectant and 
anticonvulsant drugs in rats exposed to soman. In this model, 100% 
of the animals develop seizures (>6 h in duration) and neuropa
thology. Lethality is >60% at 24 h postexposure in the absence of 
any pharmacologic treatments, but is reduced to 30% at 24 h 
postexposure with treatment. Animals were pretreated with the 
oxime HI-6 (125 mg/kg, ip, obtained from the Walter Reed Army 
Institute of Research, Rockville, MD) 30 min prior to challenge 
with soman (180 ,uglkg, sc; diluted with 0.9% sodium chloride; 
soman was obtained from the Edgewood Chemical Biological 
Center, Aberdeen Proving Ground, MD). One minute after soman 
challenge, animals were treated with atropine methyl nitrate (2.0 
mg/kg, im, Sigma-Aldrich, St. Louis, MO). Vehicle control animals 
(n = 4; 2 euthanized at I h, 1 euthanized at 12 h, and I euthanized 
at 24 h) received an equivalent volume of vehicle (0.9% sodium 
chloride), HI-6 and atropine. NaIve animals (n = 3) were also 
included in the study and received no treatments. Animals were 
monitored postexposure for clinical signs of intoxication (e.g., 
salivation, secretions, and lacrimation), and time to the appearance 
of convulsions was recorded (average time to convulsions, 7 ± 3 
min; range, 3-14 min; n = 31). Animals were allowed to remain 
in the laboratory for observation and returned to the holding room 
at the end of the working day. 

Brains were harvested immediately following deep anesthesia 
with an injection of sodium pentobarbital (65 mg/kg, ip) at 1, 3, 6, 
12, 24, 48, 72, 96, and 168 h after the onset of convulsions. A 
sample size of n = 3 was used for all time points except 3 h 
(n = 6) and 72 h (n = 4). The hippocampus was dissected, snap 
frozen in cooled isopentane (-70 DC), and stored at -80 DC until 
use. 

Microarray Procedures. All microarray experiments were 
performed to comply with Minimal Information About a Microarray 
Experiment (MIAME) protocols and details can be found at the 
Gene Expression Omnibus (GEO) accessible through GEO Series 
accession number GSE13428 1

• Affymetrix Rat 230 2.0 oligonucle
otide arrays were used as the microarray platform (https://www. 
affymetrix.comlsupportldownloads/package_insertslrat230_2_insert. 
pdf; Affymetrix, Santa Clara, CA). Frozen rat hippocampi were 
homogenized in Tri Reagent (Sigma-Aldrich Chemical Co., St. 
Louis, MO) and the total RNA extracted according to the 
manufacturer's protocol (http://www.sigmaaldrich.comlsigma! 
bulletinlt9424bu1.pdf). RNA was DNase I treated and further 
purified using RNeasy columns (Qiagen, Valencia, CA). The quality 
and amount of Rt'l'A was monitored throughout processing with 
an Agilent Bioanalyzer (Agilent, Palo Alto, CA) and a NanoDrop 
ND-1000 UV-vis spectrophotometer (Nanodrop Technologies, 
Rockland, DE). Purified RNA was used to prepare biotinylated 

1 The data discussed in this publication have been deposited in the 
National Center for Biotechnology Information's Gene Expression Omnibus 
(GEO; http://www.ncbi.nlm.nih.gov/geol) and are accessible through GEO 
Series accession number GSE13428. 
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target RNA, with minor modifications from the manufacturer's 
recommendations (http://www.affymetrix.comlsupportltechnicall 
manuallexpression _manual.affx) as described previously (12). 
Briefly, lO,ug of total RNA was used to generate first-strand cDNA 
by using a T7-linked oligo(dT) primer. After second-strand 
synthesis, in vitro transcription with linear amplification was 
performed using biotinylated nucleotides (BioArray RNA Ampli
fication and Labeling System, Enzo Life Sciences, Farmingdale, 
New York, NY). The target cRNA generated from each sample 
was processed as per manufacturer's recommendation using an 
Affymetrix GeneChip Instrument System (http://www.affymetrix. 
cornlsupportltechnicallmanuallexpression_manual.affx) as described 
previously (12). 

Microarray Data Analysis. Scanned output files from each array 
were inspected for quality control as described previously (12). Raw 
signal intensities were imported into Partek Genomics Suite v6.3 
(Partek, St. Louis, MO) and normalized using the robust multiarray 
averaging (RMA 2) algorithm (13). The RMA normalized data were 
analyzed by principal component analysis (PCA) to determine the 
primary sources of variability in the data. This information was 
used to determine grouping variables for analysis of variance 
(ANOV A). A set of genes with significantly altered expression 
levels based on p-values from the ANOV As was imported into 
Ingenuity Pathway Analysis (Ingenuity Systems, www.ingenuity. 
com) to identify biological functions, canonical pathways, and gene 
networks significantly affected by soman exposure (p < 0.05, 
Fisher's exact test). Biological functions are categories that genes 
are classified into based on their cellular or physiological role in a 
healthy or diseased organism. Genes may be classified into more 
than one biological function. A canonical pathway is a well 
established signaling or metabolic pathway that is manually curated 
on the basis of published literature. Canonical pathways are fixed 
prior to data input and do not change upon data input. Networks 
are distinct from canonical pathways in that they are built de novo 
from input data based on known molecular interactions identified 
in the published scientific literature. 

Results 

Soman Induces Changes in Hippocampal Gene Expres
sion over Time. Hippocampi from soman-exposed and control 
rats were processed for oligonucleotide microarray analysis. Data 
from probed and scanned arrays were normalized using the 
RMA algorithm and then analyzed by PCA (Figure 1). PCA 
simplifies the task of identifying sources of relative variability 
in a high dimensional data set by reducing the dimensions, and 
therefore the complexity, of the data set. Each individual 
biological sample is represented by the points on the three-

, dimensional plot. The distance between any pair of sample 
points is a function of the relative similarity between the two 
sample points in high dimensional space. Sample points that 
are near each other on the plot are relatively similar in a large 
number of variables (i.e., expression level of individual genes). 
Conversely, sample points that are far apart in the plot ate 
relatively different in a large number of variables. In the soman
exposed rat hippocampus data set, the primary sources of relative 
variability in the PCA were exposure conditions (i.e., naIve, 
vehicle-exposed, or soman-exposed) and postexposure time point 
(1, 3, 6, 12,24,48, 72, 96, or 168 h) (Figure 1). The naYve and 

2 Abbreviations: ERK, extracellular signal-regulated kinase; EGF, epi
dermal growth factor; FGF, fibroblast growth factor; GFAP, glial fibrillary 
acidic protein; GM-CSF, granulocyte-macrophage colony stimulating factor; 
ICAM, intercellular adhesion molecule; IL,. interleukin; MAPK, mitogen 
activated protein kinase; PP AR, peroxisome-proliferator activated receptor; 
PCA, principal component analysis; Q-PCR, quantitative polymerase chain 
reaction; RT-PCR, reverse transcription polymerase chain reaction; RMA, 
robust multiarray averaging; SOCS, suppressor of cytokine signaling; TNF
a, tumor necrosis factor-a; TRK, tyrosine kinase receptor; VCAM, vascular 
cell adhesion molecule; VEGF, vascular endothelial growth factor. 
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Figure 1. Principal component analysis (PCA) of hippocampal gene expression profiles from soman-exposed rats. Rat hippocampi were isolated 
at the indicated times after soman exposure and processed for oligonucleotide microarray analysis. The raw signal intensities were RMA transfonncd 
and visualized using PCA to detennine the primary sources of variability in the data set. Point shape corresponds to exposure condition. and point 
color corresponds to the postexposure time point. The centroid of each time point group is shown as a sphere with an angled black line through its 
center. Each centroid is connected by vectors to each of the sample points in its corresponding time point group. Na'ive controls were unexposed. 
Vehicle controls received all treatments except soman. Two vehicle control samples were collected at I h. one vehicle control sample was collected 
at 12 h. and one vehicle control was collected at 24 h. For simplicity in rendering the PCA. the time points ror collection or each control sample 
were not identified in the PCA plot. The PCA plot rendered 51.8% or the total inrormation content. Principal component I (PCI. x-axis) represents 
25% or the inrormation content or the PCA plot. PC2 (y-axis) represents 14.6% or the inrormation content or the PCA plot. PC3 (z-axis) represents 
12.2% or the inrormation content. 

vehicle control samples partition together (Figure I. red 
symbols). The soman-exposed samples cluster by postexposure 
time point. The centroid of each time point group is shown as 
a sphere with an angled black line through its center. Each 
centroid is connected by vectors to each of the sample points 
in its corresponding time point group. For each time point group, 
the associated samples cluster together in an area within two 
standard deviations of its centroid. Sample groups I h. 3 h. 6 h. 
and 12 h partition progressively funher away from the control 
sample group. Beginning with the 24 h sample grouP. the 
remaining sample groups partition progressively closer to the 
control sample group. The 72 h. 96 h. and 168 h sample groups 
partition closer to the controls than the other sample groups 
(with the exception of the I h sample group). However, none 
of the late time point groups partition with the control sample 
group. This suggests that even at 168 h after soman exposure 
the hippocampal gene expression profile has not returned to 
control levels. 

Immediate and Early Biological Functions and Molecu
lar Pathways Modulated by SomaR Exposure: 1- 3 h 
Postexposure. To examine the temporal response of the rat 
hippocampus to soman exposure, the data were filtered to 
individually isolate each postexposure time point, and a one
way ANOVA was perfonned with exposure (soman vs vehicle) 
used as the grouping variable for each time point. The genes 
most significantly modulated by soman exposure based on 
p-value cutoff were imponed into Ingenuity Pathway Analysis 
to identify the biological functions and canonical pathways most 
significantly modulated by soman exposure at each postexposure 

time point. Significant gene expression changes were observed 
as early as I h after soman exposure (p < 0.001. Supponing 
Infonnation. Table I). A wide variety of biological functions 
were significantly modulated by soman. as revealed by gene 
ontology mapping of the soman responsive genes. The most 
significantly modulated biological functions at I h postexposure 
were gene expression, connective tissue disorders, immunologi
cal disease, inOammatory disease, skeletal and muscular disor
ders. and functions related to cell growth and death (cell death. 
cellular growth and proliferation, cell cycle, and cancer) 
(Supponing Infonnation. Figure I A). A number of canonical 
molecular pathways were significantly modulated by soman 
during the first hour postexposure. The most significantly 
modulated pathways were neurotrophinltyrosine kinase receptor 
(TRK) signaling. p38 mitogen activated protein kinase (MAPK) 
signaling. extracellular signal-regulated kinase (ERK)IMAPK 
signaling. cAMP signaling. and interleukin-6 (IL-6) signaling 
(Supponing Infonnation. Figure IB). Interestingly, IL-6 expres
sion was significantly upregulated by 3 h after soman exposure, 
peaked at 12 h postexposure. and did not return to control levels 
until 48- 72 h postexposure (Figure 2). In silico construction 
of gene networks based on the most significantly modulated 
genes revealed that the highest scoring constructed network is 
centered around tumor necrosis factor-n (TNF-n) (Supponing 
Infonnation, Figure 2). This is consistent with the significant 
and rapid upregulation of TNF-n expression as early as I h 
after soman exposure (Figure 3). At 3 h, many of the most 
significantly modulated biological functions are the same as 
those at 1 h, including connective tissue disorders, immunologi-
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Figure 2. Soman exposure induces the expression of interleukin 6 in 
the hippocampus. Rat hippocampi were isolated at the indicated times 
after soman exposure and processed for analysis by oligonucleotide 
microarrays as described above. Soman exposure induces the expression 
of IL-6 by 3 h compared to that by naive and vehicle controls. IL-6 
expression peaks at 12 h postexposure and returns to control levels by 
48-72 h postexposure. 
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Figure 3. Soman exposure induces the expression of tumor necrosis 
factor-a. (TNF-a.; TNF superfamily, member 2) in the hippocampus. 
Rat hippocampi were isolated at the indicated times after soman 
exposure and processed for analysis by oligonucleotide microarrays as 
described above. Soman exposure induces the expression of TNF by 
1 h postexposure compared to naive and vehicle controls. TNF 
expression peaks at 6 h postexposure and returns to control levels by 
168 h postexposure. 

cal disease, inflammatory disease, skeletal and muscular disor
ders, and functions related to cell growth and death (cell death, 
cellular growth and proliferation, and cell cycle) (Supporting 
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Information, Figure 3A; see Supporting Information, Table 2 
for input genes, p < 0.0001). The canonical pathways most 
significantly modulated by soman include peroxisome-prolif
erator activated receptor (PP AR) signaling, IL-lO signaling, IL-6 
signaling, neurotrophinfTRK signaling, and Toll-like receptor 
signaling (Supporting Information, Figure 3B). In addition, at 
3 h after soman exposure, the MAP kinase signaling pathways 
are no longer among the most significantly modulated canonical 
pathways. As at 1 h, the highest scoring in silico constructed 
gene network at 3 h after soman exposure is centered around 
TNF-a (Supporting Information, Figure 4). 

Biological Functions and Molecular Pathways Modulated 
by Soman Exposure: 6-24 h Postexposure. At 6 h postex
posure, a large number of genes, biological functions, and 
canonical pathways continued to be significantly modulated by 
soman exposure (see Supporting Information, Table 3 for input 
genes, p < 0.0001). Behavior, nervous system development and 
function, cell cycle, gene expression, and functions related to 
cell and tissue function (connective tissue development and 
function, tissue morphology, cellular development and cellular 
movement) were the most significantly modulated biological 
functions (Supporting Information, Figure SA). Neurotrophinl 
TRK signaling, valine leucine and isoleucine biosynthesis, IL-6 
signaling, G-protein coupled receptor signaling, cAMP mediated 
signaling, IL-10 signaling, EGF signaling, and PPAR signaling 
were the most significantly modulated canonical pathways 
(Supporting Information, Figure SB). At 12 h postexposure (see 
Supporting Information, Table 4 for input genes, p < 0.0001), 
gene expression, inflammatory disease, DNA replication, re
combination, repair, and functions related to cellular growth and 
death (cellular growth and proliferation, cell cycle, cellular 
development, and cell death) were the most significantly 
modulated biological functions (Supporting Information, Figure 6A). 
IL-10 signaling, IL-6 signaling, acute phase respons.e signaling, 
p38 MAPK signaling, death receptor signaling, Toll-like receptor 
signaling, nuclear factor-K B (NF-KB) signaling, PP AR signaling, 
and neurotrophinfTRK signaling were the most significantly 
modulated canonical pathways (Supporting Information, Figure 6B). 
Interestingly, hippocampal IL-lO expression levels do not appear 
to be significantly altered by soman exposure over the time 
course studied, even though IL-lO signaling is the most 
significantly modulated canonical pathway (data not shown). 
At 24 h postexposure (see Supporting Information, Table S for 
input genes, p < 0.001), gene expression, cell death, connective 
tissue disorders, immunological disease, inflammatory disease, 
and functions related to the nervous system (nervous system 
development and function, behavior, and psychological disor
ders) were the most significantly modulated biological functions 
(Supporting Information, Figure 7 A). Glucocorticoid receptor 
signaling, IGF-1 signaling, pS3 signaling, PP AR signaling, IL-6 
signaling, arninoacyl-tRNA biosynthesis, and epidermal growth 
factor (EGF) signaling were the most significantly modulated 
canonical pathways (Supporting Information, Figure 7B). 

Biological Functions and Molecular Pathways Modulated 
by Soman Exposure: 48-96 h Postexposure. At 48 h 
postexposure (see Supporting Information, Table 6 for input 
genes, p < 0.001), dermatological diseases and conditions, 
and functions related to cell and tissue function (cell-to-cell 
signaling and interaction, tissue development, cell morphol
ogy, cellular development, cell death, cellular movement, and 
cellular growth and proliferation) were the most significantly 
modulated biological functions (Supporting Information, 
Figure 8A). Acute phase response signaling, IL-6 signaling, 
phospholipid degradation, coagulation system, granulocyte-



Gene Expression Profiling of Sornan Exposure 

macrophage colony stimulating factor (GM-CSF) signaling, 
glutamate metabolism, IL-I0 signaling, glycerophospholipid 
metabolism, arginine and proline metabolism, and glycero
lipid metabolism were the most significantly modulated 
canonical pathways (Supporting Information, Figure 8B). At 
72 h postexposure (see Supporting Information, Table 7 for 
input genes, p < 0.001), similar to the 48 h postexposure 
time point, cell-related biological functions were among the 
most significantly modulated biological functions (cell mor
phology, cellular development, cellular movement, cancer, 
cell-to-cell signaling and interaction, tissue development, cell 
death, cellular function and maintenance, and immune 
response) (Supporting Information, Figure 9A). The comple
ment system, ephrin receptor signaling, acute phase response 
signaling, apoptosis signaling, integrin signaling, IL-I0 
signaling, N-glycan degradation, glycerophospholipid me
tabolism, glycosaminoglycan degradation, and phospholipid 
degradation were the most significantly modulated canonical 
pathways (Supporting Information, Figure 9B). At 96 h 
postexposure (see Supporting Information, Table 8 for input 
genes, p < 0.001), cellular functions (cellular movement, cell
to-cell signaling and interaction, cellular function and 
maintenance, cell death, and tissue development), immune 
system functions (immune response, immune and lymphatic 
system development and function, inflammatory disease, and 
immunological disease), and hematological system develop
ment and function were the most significantly modulated 
biological functions (Supporting Information, Figure lOA). 
The complement system, acute phase response signaling, 
ephrin receptor signaling, GM-CSF signaling, ERKIMAPK 
signaling, interferon signaling, IL-6 signaling, antigen pre
sentation pathway, and the one carbon pool by folate pathway 
were the most significantly modulated canonical pathways 
(Supporting Information, Figure lOB). 

Biological Functions and Molecular Pathways Modulated 
by Soman Exposure: 168 h Postexposure. At 168 h, the latest 
time point. examined in this study, there was still significant 
modulation of gene expression due to soman exposure (see 
Supporting Information, Table 9 for input genes, p < 0.001). 
Gene functions (gene expression, RNA damage and repair, RNA 
post-transcriptional modification, and genetic disorder), cell and 
tissue functions (cellular development, connective tissue devel
opment and function, and cell-to-cell signaling and interaction), 
neurological disease, and reproductive system development and 
function were the biological functions most significantly 
modulated by soman (Supporting Information, Figure lIA). p38 
MAPK signaling, glutamate metabolism, acute phase response 
signaling, alanine and aspartate metabolism, interferon signaling, 
hepatic fibrosis/hepatic stellate cell activation, complement 
system, fibroblast growth factor (FGF) signaling, and D
glutamine and D-glutamate metabolism were the most signifi
cantly modulated canonical pathways (Supporting Information, 
Figure lIB). Interestingly, the highest scoring in silico con
structed gene network contained p38 MAPK as an important 
node (Supporting Information, Figure 12). 

Discussion 

Soman is a potent neurotoxicant that can induce rapid brain 
injury, even when medical treatments are administered. To 
understand in greater detail the molecular neural response to sornan 
exposure, we performed microarray analysis of hippocampal tissue 
isolated from control and soman-exposed rats. We identified 
numerous soman-induced molecular changes. Early in the postex
posure time course, the significant biological processes and 
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canonical pathways appeared to generally follow the course of an 
inflammatory response (1-24 h postexposure), as suggested by 
biological processes such as immunological disease (1 h, 3 h, 24 h) 
and inflammatory disease (1 h, 3 h, 12 h, 24 h), and by canonical 
pathways such as p38 MAPK signaling (l h, 12 h), Toll-like 
receptor signaling (3 h, 12 h), IL-6 signaling (1-24 h), and IL-lO 
signaling (3 -12 h). In the middle to late portions of the time course 
(24-96 h), the significant biological processes and canonical 
pathways appeared to generally follow an injury response, as 
suggested by canonical pathways such as the acute phase response 
pathway (12 h, 48-168 h), coagulation pathway (48-72 h), and 
complement pathway (72-96 h). At the end of the time course, at 
168 h, the significant biological processes and canonical pathways 
appeared to follow the course of a recovery response, as suggested 
by biological processes such as RNA damage and repair, connective 
tissue development and function, and cell-to-cell signaling and 
interaction, and canonical pathways such as glutamate metabolism, 
alanine and aspartate metabolism, D-glutarnine metabolism, and 

, D-glutamate metabolism. We observed temporal overlap of many 
of these processes and pathways. 

Several of the changes we identified are confirmed by 
previous observations of soman-induced changes in gene 
expression reported in the literature, particularly increased 
expression of inflammatory mediators, such as IL-6 and TNF
a.. Williams et al. (14) used the same exposure paradigm used 
in our current study and analyzed the expression of several 
inflammatory mediators by quantitative polymerase chain reac
tion (Q-PCR). They reported increases in IL-6, TNF-o., IL-lj3, 
vascular cell adhesion molecule (YCAM), E-selectin, and 
intercellular adhesion molecule (ICAM) in the hippocampus 
following soman exposure. This confirms our observations that 
soman exposure induces the expression of IL-6 (Figure 2) and 
TNF-o. (Figure 3). Additionally, we observed increases in IL
Ij3, YCAM, E-selectin, and ICAM consistent with Williams et 
a1. (data not shown). To assay gene expression, Williams et a1. 
utilized Q-PCR, which has a greater dynamic range compared 
to that of microarrays. Thus, the observed fold-change in gene 
expression is different for the two studies (for an example 
comparison of Q-PCR data and microarray data, see ref 12). 
However, the trends in the changes in gene expression over 
time are similar in the two studies. While Williams et a1. 
examined a limited number of time points following soman 
exposure (2, 6, 24, and 48 h), Dhote et a1. (15) examined a 
wider range of time points (0.5, 1, 2, 6, 24, 48, and 168 h). 
They reported increases in IL-lj3, IL-6, TNF-o., ICAMl, and 
also the suppressor of cytokine signaling (SaCS) 3 in mouse 
hippocampus following soman exposure (15). They also utilized 
Q-PCR to assay gene expression, and the changes in gene 
expression over time show similar trends compared to our data 
(data not shown). 

While ,these studies, as well as ours, focused on changes in 
rnRNA levels using Q-PCR or microarray techniques, recent work 
has also confirmed the upregulation of inflammatory mediators at 
the protein level as well. Svensson et al. identified increases in 
IL-lj3 following soman exposure at both the rnRNA and protein 
levels using reverse transcription polymerase chain reaction (RT
PCR) and ELISA assays, respectively (16,17). In addition, recent 
work by Johnson et al. (18) demonstrated sornan-induced increases 
in TNF-o. and IL-6 protein at the protein level, thus confirming 
our observations at the rnRNA level as well as those of Williams 
et al. (14) and Dhote et al. (15). 

Changes in neuroinflammatory mediators have also been 
observed in response to sarin, a similar organophosphonate nerve 
agent. Chapman et al. (19) reported increases in IL-lj3, IL-6, 
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and TNF-cx. protein levels following sarin exposure in rats. The 
levels of expression of these inflammatory mediators were 
increased in rats that experienced 30 min of seizure activity 
compared to rats that experienced 5 min of seizure activity (19). 
Interestingly, sarin-induced changes in gene expression have 
also been examined at lower doses (0.5 x LDso at 15 min and 
2 h), and significant changes in these neuroinflammatory . 
mediators were not reported (20, 21). 

In addition to neuroinflammatory mediators, other aspects of 
our data are confirmed by other studies examining the patho
genesis of soman exposure. We identified complement system 
and coagulation system as canonical pathways significantly 
impacted by soman exposure 48-96 h postexposure (Supporting 
Information, Figures 8B, 9B, and lOB). This is consistent with 
studies reporting the formation of gliotic scarring following 
soman exposure (22). Collombet et al. identified increases in 
glial fibrillary acidic protein (GFAP) and vascular endothelial 
growth factor (VEGF) by immunohistochemistry in the hipp
pocampi of soman-exposed mice during the time period of 
gliotic scar formation (22). We also observed significant 
increases in GF AP and VEGF mRNA levels after soman 
exposure (data not shown). 

Taken together, our data are in agreement with a number of 
recent studies examining soman-induced changes in gene and 
protein expression in several model systems and exposure 
paradigms. This data set will serve to increase our understanding 
of the molecular response to soman exposure, during the acute 
toxic response, and during the neurodegenerative and recovery 
processes. Given that we see a gradual return to control gene 
expression profiles following soman exposure, it would be 
interesting in future studies to carry the time points out several 
weeks or months to examine the extent of recovery at the 
molecular level over a longer time frame. In addition, this data 
set will allow the generation of hypotheses related to soman
induced neurodegeneration and the identification of potential 
therapeutic targets for the development of neuroprotectant drugs 
that may serve as effective adjuncts to the current treatment 
regimen. 
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